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Gravitational wave astronomy has been firmly established with the detection of gravitational1
waves from the merger of ten stellar mass binary black holes and a neutron star binary. This paper2
reports on the all-sky search for gravitational waves from intermediate mass black hole binaries in3
the first and second observing runs of the Advanced LIGO and Virgo network. The search uses4
three independent algorithms: two based on matched filtering of the data with waveform templates5
of gravitational wave signals from compact binaries, and a third, model-independent algorithm that6
employs no signal model for the incoming signal. No intermediate mass black hole binary event7
was detected in this search. Consequently, we place upper limits on the merger rate density for a8
family of intermediate mass black hole binaries. In particular, we choose sources with total masses9
M = m1 + m2 ∈ [120, 800] M and mass ratios q = m2/m1 ∈ [0.1, 1.0]. For the first time, this10
calculation is done using numerical relativity waveforms (which include higher modes) as models of11
the real emitted signal. We place a most stringent upper limit of 0.20 Gpc−3yr−1 (in co-moving12
units at the 90% confidence level) for equal-mass binaries with individual masses m1,2 = 100 M13
and dimensionless spins χ1,2 = 0.8 aligned with the orbital angular momentum of the binary. This14
improves by a factor of ∼ 5 that reported after Advanced LIGO’s first observing run.15
PACS numbers: 04.80.Nn, 07.05.Kf, 95.55.Ym
∗ Deceased, July 2018.
I. INTRODUCTION
The first two observing runs of Advanced LIGO and16
Virgo (O1 and O2 respectively) have significantly en-17
hanced our understanding of black hole (BH) binaries in18
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the universe. Gravitational waves (GWs) from 10 binary19
black hole mergers with total mass between 18.6+3.1−0.7 M20
and 85.1+15.6−10.9 M were detected during these two ob-21
serving runs [1–8]. These observations have revealed a22
new population of heavy stellar mass BH components of23
up to 50 M, for which we had no earlier electromag-24
netic observational evidence [8, 9]. This finding limit is25
consistent with the formation of heavier BHs from core26
collapse being prevented by a mechanism known as pul-27
sational pair-instability supernovae (PISN) [10–13]. Ac-28
cording to this idea, stars with helium core mass in the29
range ∼ 32 − 64M undergo pulsational pair instabil-30
ity leaving behind remnants of . 65M. Stars with he-31
lium core mass in the range ∼ 64− 135M undergo pair32
instability and leave no remnant, while stars with he-33
lium mass & 135Modot are thought to directly collapse34
to intermediate-mass black holes.35
Intermediate mass black holes (IMBHs) are BHs heav-36
ier than stellar mass BHs but lighter than supermas-37
sive black holes (SMBHs), which places them roughly38
in the range of 102 − 105 M [14, 15]. Currently there39
is only indirect observational evidence. Observations in-40
clude probing the mass of the central BH in galaxies as41
well as massive star clusters with direct kinematical mea-42
surements which has led to recent claims for the presence43
of IMBHs [16–18]. Other observations come from the ex-44
trapolation of several scaling relations between the mass45
of the central SMBH and their host galaxies [19] to the46
mass range of globular clusters [20, 21]. In this way, sev-47
eral clusters have been found to be good candidates for48
having IMBHs in their centers [22–24]. If present, IMBHs49
would heat up the cores of these clusters, strongly influ-50
encing the distribution of the stars in the cluster and51
their dynamics, leaving a characteristic imprint in the52
surface brightness profile, as well as in the mass-to-light53
ratio [25]. Controversy exists regarding the interpreta-54
tion of these observations, as some of them can also be55
explained by a high concentration of stellar-mass BHs56
or the presence of binaries[22–24, 26]. Empirical mass57
scaling relations of quasi-periodic oscillations [27] in lu-58
minous X-Ray sources have also provided evidence for59
IMBH [28]. Finally, IMBHs have been proposed as can-60
didates to explain ultra-luminous X-Ray (ULX) sources61
in nearby galaxies, which are brighter than the accret-62
ing X-ray sources with stellar mass BHs [29, 30]. How-63
ever, neutron stars or stellar-mass black holes emitting64
above their Eddington luminosity could also account for65
such observations. In summary, no definitive evidence of66
IMBHs has yet been obtained.67
The possible astrophysical formation channels of68
IMBHs remain uncertain. Proposed channels include the69
direct collapse of massive first generation, low metallicity70
Population III stars [31–34] and mergers of stellar mass71
BHs in globular clusters [36] and multiple collisions of72
stars in dense young star clusters [18, 35, 37–39], among73
others [40]. Further, some astrophysical scenarios [14] in-74
dicate that SMBHs in galactic centers might be formed75
from hierarchical mergers of IMBHs [15, 41]. The di-76
rect observation of IMBHs with gravitational waves could77
strengthen the possible evolutionary link between stel-78
lar mass BHs and SMBHs. Finally, observing an IMBH79
population would help to understand details of the pul-80
sational pair-instability supernovae mechanism.81
The GW observation of a coalescing binary consist-82
ing of at least one IMBH component or resulting in an83
IMBH remnant, which we will term an IMBHB, could84
provide the first definitive confirmation of the existence of85
IMBHs. In fact, IMBHBs are the sources that would emit86
the most gravitational-wave energy in the LIGO-Virgo87
frequency band, potentially making them detectable to88
distances (and redshifts) beyond that of any other LIGO-89
Virgo source [42]. Even in the absence of a detection,90
a search for IMBHBs provides stringent constraints on91
their merger rate density, which has implications for po-92
tential IMBHB and SMBH formation channels.93
IMBHs are not only interesting from an astrophysi-94
cal point of view, they are also excellent laboratories95
to test general relativity in the strong field regime [43–96
46]. Their large masses would lead to strong merger97
and ringdown signals in the Advanced LIGO-Virgo fre-98
quency band. Therefore, higher modes might be visible in99
IMBHB signals because those modes are especially strong100
in the merger and ringdown stages. The observation of101
multimodal merger and ringdown signals is paramount102
to understanding fundamental properties of general rela-103
tivity, such as the no-hair theorem [47–50] and BH kick104
measurements [51–53].105
The first search for GWs from IMBHBs was carried out106
in the data from initial LIGO and initial Virgo (2005-107
2010) [54, 55]. Owing to the large masses of IMB-108
HBs, such systems are expected to merge at low fre-109
quencies where the initial detectors were less sensitive110
due to the presence of several noise sources, such as111
suspension noise, thermal noise and optical cavity con-112
trol noise. As a result, the those detectors were sen-113
sitive to only the merger and ringdown phases of the114
IMBHB systems. Initial IMBHB analyses applied either115
the model-independent time-frequency searches [56] or116
ringdown searches. No IMBHB merger was detected in117
these searches.118
Because of the improved low-frequency sensitivities119
of the Advanced LIGO and Advanced Virgo detec-120
tors [57, 58], IMBHB signals are visible in band for a121
longer period of time, which increases the effectiveness122
of modeled searches that use more than just the ring-123
down portion of an IMBHB’s waveform. Ref. [42] re-124
ports results from a combined search for IMBHBs that125
used two independent search algorithms: a matched-126
filter analysis, called GstLAL [59–61], which uses the127
inspiral, merger, and ringdown portions of the IMBHB128
waveform and the model-independent analysis coherent129
WaveBurst (cWB) [56]. No IMBHBs were found by130
these searches, and upper limits on the merger rate den-131
sity for 12 targeted IMBHB sources with total mass be-132
tween 120 M − 600 M and mass ratios down to 1/10133
were obtained. The most stringent upper limit on the134
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merger rate density from this combined analysis was135
0.93 Gpc−3 yr−1 for binaries consisting of two 100 M136
BHs with dimensionless spin magnitude 0.8 aligned with137
the system’s orbital angular momentum.138
All upper limits on the IMBHB merger rate reported139
in past searches [42, 54, 55] were obtained using models140
for the GW signal that include only the dominant radiat-141
ing mode, namely (`,m) = (2,±2), of the GW emission142
[62]. However, it has been shown that higher modes con-143
tribute more substantially to signals emitted by heavy144
binaries. This impact increases as the system becomes145
more asymmetric in mass [63, 64], as the spin of the BHs146
becomes more negative [65, 66], and as the precession in147
the binary becomes stronger [67]. As a consequence, the148
omission of higher modes leads in general to more con-149
servative upper limits on the IMBHB merger rate [68].150
In this work, we improve on past studies in two distinct151
ways. We use numerical relativity (NR) simulations with152
higher modes to model GW signals from IMBHBs for153
computing upper limit estimates. Additionally, our com-154
bined analysis now includes the matched-filter search Py-155
CBC [69, 70] in addition to GstLAL and cWB. Because156
of these novelties, we have, in addition to analyzing the157
O2 data set, reanalyzed the O1 data set and report here158
combined upper limits for the O1 and O2 observing runs.159
In this paper, we report upper limits on the merger rate160
density of 17 targeted (non-precessing) IMBHB sources.161
Our most stringent upper limit is 0.20 Gpc−3 yr−1 for162
equal-mass binaries with component spins aligned with163
the orbital angular momentum of the system and dimen-164
sionless magnitudes χ1,2 = 0.8.165
The rest of this paper is organized as follows. In Sec. II166
we describe the data set, outline the individual search al-167
gorithms that make up the combined search, and report168
our search’s null detection of IMBHBs. In Sec. III we169
describe the NR simulations that we use to compute up-170
per limits on IMBHB merger rates report these for the171
case of 17 IMBHB sources. We draw final conclusions in172
Sec. IV.173
II. IMBHB SEARCH IN O1 AND O2 DATA174
A. Data Summary175
This analysis was carried out using O1 and O2 data176
sets from the two LIGO (Livingston and Hanford) de-177
tectors and Virgo. We have used the final calibration,178
which was produced after the conclusion of the run, in-179
cluding compensation for frequency-dependent fluctua-180
tions in the calibration [71–73]. Well identified sources181
of noise have also been subtracted from the strain data182
as explained in Refs. [73, 74]. The maximum calibration183
uncertainty across the frequency band of [10-5,000] Hz for184
the two LIGO detectors is ∼ 10% in amplitude and ∼ 5185
degrees in phase for O1 and ∼ 4% in amplitude and ∼ 3186
degrees in phase for O2 [7, 71]. For Virgo we consider an187
uncertainty of 5.1% in amplitude and 2.3 degrees in phase188
[73]. After removing data with significant instrumental189
disturbance, we use 48.6 days and 118.0 days of joint190
Hanford-Livingston data from the O1 and O2 observing191
runs respectively. The Virgo detector joined the LIGO192
detectors during the last ∼ 15 days of O2, which provided193
with an additional 4.0 days of coincident data with either194
of Hanford-Virgo or Livingston-Virgo network. The data195
from O1 and O2 was divided into 9 and 21 blocks respec-196
tively with coincident time ranging from 4.7 − 7.0 days.197
For more details, see Ref. [8].198
B. Search algorithms199
We combine the two matched-filter searches, namely200
GstLAL [59–61, 75] and PyCBC [69, 70], and one model-201
independent analysis, cWB [76], into a single IMBHB202
search. The two model-based matched filtering analy-203
ses use a bank of templates made of pre-computed com-204
pact binary merger GW waveforms. Matched filter based205
analyses are optimal to extract known signals from sta-206
tionary, Gaussian noise [77]. However, the templates we207
use are limited to non-eccentric, aligned-spin systems.208
They contain only the dominant waveform mode of the209
GW emission and omit higher modes [64, 78]. Addi-210
tionally, Advanced LIGO and Virgo data are known to211
contain a large number of short noise transients [79],212
which can mimic short GW signals like those emitted by213
IMBHBs. While matched-filter searches use several tech-214
niques to discriminate between noisy transients and real215
GW events [61, 80, 81], they are known to lose significant216
efficiency when looking for short signals like those from217
IMBHBs. Therefore, the IMBHB search is carried out218
jointly with an analysis that can identify short-duration219
GW signals without a model for the morphology of the220
GW waveform. In this search, all three analyses use O1221
and O2 Advanced LIGO data. However, because of the222
incomparable sensitivities between the Advanced LIGO223
detector and Advanced Virgo detector, only the GstLAL224
analysis uses Virgo data, as is done in Ref. [8].225
1. Modeled analyses226
The matched-filter analyses GstLAL and PyCBC use227
templates that span the parameter space of neutron stars,228
stellar-mass BHs, and IMBHs. In this study, we use the229
same two searches reported in Ref. [8] to calculate upper230
limits on the merger rate density of IMBHBs.231
The matched-filter signal-to-noise ratio (SNR) time se-232
ries is computed for every template. Triggers are pro-233
duced when the SNR time series surpasses a predeter-234
mined threshold, where clusters of triggers are trimmed235
by maximizing the SNR within small time windows. In236
addition, a signal consistency veto [61, 81, 82] is calcu-237
lated for each trigger. A list of GW candidates is con-238
structed from triggers generated by common templates239
that are coincident in time across more than one detec-240
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tor, where the coincidence window takes into account the241
travel time between detectors. Next, a ranking statistic242
is calculated for each candidate that estimates a likeli-243
hood ratio that the candidate would be observed in the244
presence of a GW compared to a pure-noise expectation.245
Finally, a p-value1 P is determined by comparing the246
value of its ranking statistic to that of triggers coming247
from background noise in the data. A detailed descrip-248
tion of the GstLAL and PyCBC pipelines can be found249
in Refs. [59–61, 75] and [69, 70], respectively; addition-250
ally, details outlining how candidates are ranked across251
observing runs can be found in Ref. [8].252
The GstLAL analysis uses the template bank described253
in Ref. [83]. The region of this bank that overlaps the254
IMBHB parameter space, which starts at a total mass255
of 100 M, reaches up to a total mass of 400 M in256
the detector frame and covers mass ratios in the range257
of 1/98 < q < 1. The waveforms used are a reduced-258
order-model of the SEOBNRv4 approximant [84]. The259
spin of these templates are either aligned or anti-aligned260
with the orbital angular momentum of the system with261
dimensionless magnitudes less than 0.999.262
The PyCBC analysis uses the template bank described263
in Ref. [85]. The region of this bank that overlaps the264
IMBHB parameter space reaches up to a total mass265
of 500 M in the detector frame, excluding templates266
with duration below 0.15 s, and covers the range of267
1/98 < q < 1. The waveforms used are also a reduced-268
order-model of the SEOBNRv4 approximant, and the269
aligned or anti-aligned dimensionless spin magnitudes are270
less than 0.998.271
2. Un-modeled analysis272
Coherent WaveBurst (cWB) is the GW transient de-273
tection algorithm designed to look for unmodeled short-274
duration GW transients in the multi-detector data from275
interferometric GW detector networks. Designed to oper-276
ate without a specific waveform model, cWB identifies co-277
incident excess power in the wavelet time-frequency rep-278
resentations of the detector strain data [86], for signal fre-279
quencies up to 1 kHz and durations up to a few seconds.280
The search identifies events that are coherent in multiple281
detectors and reconstructs the source sky location and282
signal waveforms by using the constrained maximum like-283
lihood method [76]. The cWB detection statistic is based284
on the coherent energy Ec obtained by cross-correlating285
the signal waveforms reconstructed in multiple detectors.286
It is proportional to the network SNR and used to rank287
the events found by cWB.288
To improve the robustness of the algorithm against289
non-stationary detector noise, cWB uses signal-290
independent vetoes, which reduce the high rate of the291
1 The probability that noise would produce a trigger at least as
significant as the observed candidate.
initial excess power triggers. The primary veto cut is on292
the network correlation coefficient cc = Ec/(Ec + En),293
where En is the residual noise energy estimated after the294
reconstructed signal is subtracted from the data. Typi-295
cally, for a GW signal cc ≈ 1 and for instrumental glitches296
cc  1. Therefore, candidate events with cc < 0.7 are297
rejected as potential glitches.298
To improve the detection efficiency of IMBHBs as well299
as to reduce the false alarm rates (FARs), the cWB anal-300
ysis employs additional selection cuts based on the na-301
ture of IMBHB signals. IMBHB signals have two distinct302
features in the time-frequency representation. First, the303
signal frequencies lie below 250 Hz. We use this to ex-304
clude all the non-IMBHB events in the search, including305
noise events. Secondly, the inspiral signal duration in306
the detector band is relatively short, which leads to rel-307
atively low SNR in the inspiral phase as compared to308
the merger and ringdown phases. In the cWB frame-309
work, chirp mass (M = (m1 m2)3/5 M−1/5) is estimated310
using the frequency evolution of a signal’s inspiral. How-311
ever, in the case of low SNRs, we cannot accurately esti-312
mate the chirp mass of the binary [87]; still, we use this313
framework to introduce additional cuts on the estimated314
chirp mass to reject non-IMBHB signals. The simula-315
tion studies show that IMBHB signals are recovered with316
|M| > 10 M which we use in this search. 2 We apply317
this selection cut to reduce the noise background when318
producing the candidate events.319
For estimation of the statistical significance of the can-320
didate event, each event is ranked against a sample of321
background triggers obtained by repeating the analysis322
on time-shifted data [1]. To exclude astrophysical events323
from the background sample, the time shifts are selected324
to be much longer (1 second or more) than the expected325
signal time delay between the detectors. By using differ-326
ent time shifts, a sample of background events equivalent327
to approximately 500 years of background data is accu-328
mulated for each of the 30 blocks of data. The cWB can-329
didate events that survived the cWB selection criteria,330
are assigned a FAR given by the rate of the correspond-331
ing background events with the coherent network SNR332
value larger than that of the candidate event.333
C. Combined search334
Each of our three algorithms produces its own list of335
GW candidates, characterized by GPS time, FAR and336
associated p-value P . These three lists are then com-337
bined into a common single list of candidates. To avoid338
counting candidates more than once, candidates within a339
time window of 100 ms across different lists are assumed340
to be the same. To account for the use of three search341
2 Negative M values correspond to frequencies decreasing with
time, which could be due to the pixels corresponding to ringdown
part.
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algorithms, we apply a conservative trials factor of 3 and342
assign each candidate a new p-value given by343
P¯ = 1− (1− Pmin)3, (1)
where Pmin denotes the minimum p-value reported across344
the pipelines. This is equivalent to assuming that the345
three searches produce independent lists of candidates.3346
We note that while this choice of trials factor affects the347
significance of individual triggers, it will not change the348
numerical value of our upper limits. See Appendix B for349
a more detailed discussion.350
No Date UTC
time
Pipeline FAR
(yr−1)
SNR Pmin
1 2017-05-02 04:08:44.9 cWB 0.34 11.6 0.14
2 2017-06-16 19:47:20.8 PyCBC 1.94 9.1 0.59
3 2015-11-26 04:11:02.7 cWB 2.56 7.5 0.68
4 2017-06-08 23:50:52.3 cWB 3.57 10.0 0.79
5 2017-04-05 11:04:52.7 GstLAL 4.55 9.3 0.88
6 2015-11-16 22:41:48.7 PyCBC 4.77 9.0 0.88
7 2016-12-02 03:53:44.9 GstLAL 6.00 10.5 0.94
8 2017-02-19 14:04:09.0 GstLAL 6.26 9.6 0.95
9 2017-04-23 12:10:45.0 GstLAL 6.47 8.9 0.95
10 2017-04-12 15:56:39.0 GstLAL 8.22 9.7 0.98
TABLE I: Details of the ten most significant events
(excluding all published lower mass events). We report
the date, UTC time, observing pipeline (individual
analysis that observed the event with the highest
significance), FAR, SNR, and Pmin for each event. The
combined p-value P¯ of each event is calculated using
Eq. 1. In the table, the events are tabulated in
increasing value of Pmin.
D. Search results351
Here we report results from the combined cWB-352
GstLAL-PyCBC IMBHB search on full O1-O2 data. The353
top 21 most significant events from the combined search354
include the 11 GW events published in Ref. [8], namely355
GW150914 [1], GW151012, GW151226 [2], GW170104356
[3], GW170608 [4], GW170729, GW170809, GW170814357
[6], GW170817 [5], GW170818, and GW170823, and 10358
events tabulated in Table I. All the events in Table I359
3 In general, correlations between searches would lead to a tri-
als factor less than 3. However, at the time, we are not able
to quantify this, and we choose to adopt the most conservative
approach.
have a FAR much larger than any of the GWs reported360
in Ref. [8]; no event in this list was found with enough361
significance to claim an IMBHB detection.362
The top-ranked event4 from Table I was observed by363
cWB in O2 data on May 2, 2017 at 04:08:44 UTC with a364
combined SNR of 11.6 in the two Advanced LIGO detec-365
tors and a significance of PcWB = Pmin = 0.14. Applying366
eq. 1, this event has a combined p-value of P¯ = 0.36, too367
low to claim it as a gravitational wave detection.368
Despite the low significance of this trigger, its charac-369
teristics were consistent with those of an IMBHB, and we370
decided to perform detailed data quality and parameter371
estimation follow-ups.5 In order to check for the pres-372
ence of environmental or instrumental noise, this event373
was vetted with the same procedure applied to triggers374
of marginal significance found in previous searches [8] in375
O1-O2 data. These checks identified a correlation be-376
tween the trigger time and the glitching of optical lever377
lasers at the end of one arm of the Hanford detector. This378
is a known instrumental artifact previously observed to379
impact GW searches [88, 89]. The time of this trigger380
was not discarded by the pre-tuned data quality veto de-381
signed to mitigate the effects of these optical lever laser382
glitches. However, these vetoes are tuned for high ef-383
ficiency and minimal impact on analyzable time rather384
than exhaustively removing all non-Gaussian features in385
the data. Further follow-up indicates that this instru-386
mental artifact is likely contributing power to the grav-387
itational wave strain channel at the time and frequency388
of the trigger. Given the SNR of the purported signal in389
the Hanford detector and the relatively low significance390
of the reported false alarm rate, we conclude that this391
trigger is likely explained by detector noise.392
III. UPPER LIMITS ON MERGER RATES393
Given that no IMBHB signal was detected by our394
search, we proceed to place upper limits on the coales-395
cence rate of these objects. This is done by estimat-396
ing the sensitivity of our search to an astrophysically397
motivated population of simulated IMBHB signals that398
we inject in our detector data. However, given the ab-399
sence of well motivated population estimates of IMBHBs,400
we opt for sampling the parameter space in a discrete401
manner (for details, please see Appendix C). As a con-402
sequence, in this section we estimate the sensitive dis-403
tance reach as well as the upper limit on merger rate404
density for 17 selected fiducial IMBHB sources, tabu-405
lated in Table II of Appendix C using the loudest event406
method [90], following the procedure outlined in Ref. [42]407
and described again in Appendix A. For a given IMBHB408
4 We note that the most significant event in the O1 search reported
in Ref. [42] is the third event in this Table.
5 See Appendix D for further details regarding the parameter es-
timation investigations of this candidate.
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source, gravitational waveforms from simulated systems409
scattered through space are injected into the data and410
recovered by each of the three analyses. In this section,411
we describe our simulation set and present our findings.412
A. Injection set413
Ref. [42] reports upper limits on the merger rate den-414
sity for 12 IMBHB systems in its Table I. The waveform415
simulations used to compute upper limits in that study416
contain only the dominant quadrupolar mode of the GW417
emission. In this work, we use highly accurate NR sim-418
ulations computed by the SXS [91], RIT [92], and Geor-419
giaTech [93] codes, which include higher modes. Since420
higher modes are particularly important for large asym-421
metries in mass and for high total mass binaries, in this422
study we extend our parameter space to mass ratios as423
low as q = 1/10 and total masses as high as M = 800M424
(see Appendix C Table II for a detailed list). In general,425
NR simulations can include modes of arbitrary (`,m) for426
a given set of masses in the parameter space. However,427
weak modes are sometimes dominated by numerical noise428
and do not agree when compared across different numer-429
ical codes. In fact, we disregard numerical modes with430
` ≥ 5, because these have comparatively small ampli-431
tudes. The ` ≥ 5 modes with m = ±` have also particu-432
larly short wavelengths, which makes it more challenging433
for numerical relativity codes to resolve the propagation434
of these modes away from the binary. In order to assess435
the accuracy of the remaining modes, we only choose436
IMBHB simulations for which higher modes have been437
computed by at least two different NR codes. We select438
only those higher modes that agree to an overlap of at439
least 0.97 across all available NR codes for each of 17 the440
selected simulations.6441
The higher modes that passed this criteria and were442
included in our analysis were the following: (`,m) =443
{(2,±1), (2,±2), (3,±2), (3,±3), (4,±2), (4,±3), (4,±4)}.444
Notably, the (2, 2) mode agrees across NR codes to an445
overlap > 0.995 for every IMBHB source considered in446
this study; the two modes closest to the 0.97 overlap447
threshold were the (4, 4) and (4, 3) modes. We note448
that, similar to what was described in Ref. [68], omission449
of ` > 4 modes may lead to an underestimation of the450
power within the detector band radiated by the largest451
mass binary BHs.452
Of the 17 selected sources, we include three cases with453
spins aligned or anti-aligned with the total angular mo-454
mentum of the binary with dimensionless spin magni-455
tudes |χ1,2| = 0.8. The IMBHB injections are uni-456
formly distributed in the binary orientation parameters457
(ϕ,cos(ι)), uniformly distributed in co-moving volume up458
6 We did allow for overlaps below 0.97 if the mode’s contribution
to the waveform was negligible.
to red shift z ∼ 1 (luminosity distance of 6.7 Gpc) us-459
ing the TT+lowP+lensing+ext cosmological parameters460
given in Table IV of Ref. [94], and individually redshifted461
according to this cosmological model. The overall effect462
of cosmological redshift is to shift each GW signal to463
lower frequencies. At a given redshift, the mass of the464
injection in the detector frame is (1+z) times larger than465
the source frame mass, and the luminosity distance is466
(1+z) times the comoving distance. At redshifts of z=1,467
this results in a decrease in SNR, ranging from ∼ 20%468
for an equal-mass M = 100 M face-on system to ∼ 50%469
for an equal-mass, M = 200 M face-on system. The470
injections are spaced roughly uniformly in time with an471
interval of at least 80 seconds over the T0 = 413.71 days472
of O1-O2 observing time, and each injection set covers a473
total space-time volume 〈V T 〉tot = 110.68 Gpc3 yr.474
B. Sensitive distance reach and merger rate475
density estimate476
We use the loudest event method [90] to calculate the477
sensitive distance reach of our search and to place up-478
per limits on the merger rate density of IMBHBs (see479
Appendix C for a detailed description of our procedure).480
The results of our combined search are reported using a481
combined p-value of P¯ = 0.36 given by that of our loudest482
event in Table I.483
The left panel of Figure 1 shows the sensitive distance484
reach of our combined search toward our 17 targeted485
IMBHB sources represented in the m1 − m2 plane (see486
Table II in Appendix C for a more detailed description).487
We find an across-the-board improvement in the sensi-488
tive distance of our combined search compared to the489
12 targeted sources reported in Ref. [42]. In particu-490
lar, we find that the combined search is most sensitive491
to the (100 + 100) M aligned-spin source, which can492
be observed up to 1.8 Gpc and is an increase of more493
than 10% compared to the 1.6 Gpc obtained in Ref. [42].494
These improvements are the result of better detector sen-495
sitivity, the inclusion of higher modes in our injections,496
and significant improvements to the cWB search algo-497
rithm. As a general trend, our reach decreases for in-498
creasing mass ratio and for increasing total mass once499
this surpasses ∼ 200M . There are several reasons for500
this behaviour. First, the intrinsic amplitude of IMBHB501
signal decreases as the mass ratio decreases for a fixed to-502
tal mass. Second, sources with small q have a significant503
fraction of their power contained in their higher modes.504
Consequently, they are not well matched by our search505
templates, which only include the dominant quadrupole506
mode. Last, although the intrinsic luminosity of IMBHBs507
rises with total mass, the merger frequency decreases,508
and so signals persist in the detector sensitive frequency509
band for a very short duration. This makes it difficult510
to distinguish them from noise transients. This effect511
is evident from the roughly equivalent sensitive distances512
obtained for the (60+60) M and (100+100) M sources513
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Figure. 1. The sensitive distance reach (D〈V T 〉sen) in Gpc (left-panel) and 90% upper limit on merger rate density
(R90%) in Gpc
−3 yr−1 (right-panel) for the 17 targeted IMBHB sources in the m1 −m2 plane. Each circle
corresponds to one class of IMBHBs in the source frame with a number in the circle indicating D〈V T 〉sen (left-panel)
or R90% (right-panel). Spinning injection sets are labelled and shown as displaced circles. The blue and light blue
shaded regions mark the template space encompassed by the GstLAL (M < 400 M) and PyCBC (M < 500 M)
template banks respectively.
despite the significantly larger total mass of the latter.514
The right panel of Figure 1 shows the upper lim-515
its on the merger rate density of our 17 targeted516
IMBHB sources, which improve on those reported af-517
ter O1 in Ref. [42]. We set our most stringent up-518
per limit at 0.20 Gpc−3 yr−1 for equal-mass spin-519
aligned IMBHBs with component masses of 100 M520
and aligned dimensionless spins of 0.8. By assuming521
a redshift-independent globular cluster (GC) density of522
3 GC Mpc−3 [95], we find that this upper limit is equiv-523
alent to 0.07 GC−1 Gyr−1, an improvement of a factor524
of ∼ 5 over the 0.31 GC−1 Gyr−1 that was reported in525
Ref. [42]. We also observe that for all equal mass ra-526
tio IMBHB sources, the merger rate density upper lim-527
its are also impoved. The sources with unequal masses528
show larger improvement in the merger rate density as529
compared to previous result.530
IV. CONCLUSIONS531
We have conducted a search for IMBHBs in the data532
collected in the two observing runs of the Advanced533
LIGO and Virgo detectors. This search combined three534
analysis pipelines: two matched-filter algorithms Gst-535
LAL and PyCBC and the model-independent algorithm536
cWB. The PyCBC and cWB analyses use data from the537
Advanced LIGO detectors, and GstLAL uses data from538
the Advanced LIGO and Advanced Virgo detectors. No539
IMBHB detections were made in this search. The loud-540
est candidate event was found with a marginal p-value541
P¯ = 0.36 in our combined search. A detailed detector542
characterization study of this event suggested that it is543
likely explained by the detector noise.544
Given the null detection, we place upper limits on the545
merger rate density for 17 IMBHB systems. For estima-546
tion of the rate upper limits, we use NR waveforms pro-547
vided by the SXS, RIT, and Georgia Tech groups that548
include higher modes in the gravitational-wave emission.549
The reported rate limits are significantly more stringent550
than the previous result reported in Ref. [42]. In par-551
ticular, the most stringent rate limit of 0.20 Gpc−3yr−1552
placed on (100+100) M aligned spin IMBHB systems is553
an improvement of a factor of ∼ 5. This improvement is554
due to the combination of three factors: the increased555
sensitivity of our detector network, the improvements556
in the cWB search algorithm, and the incorporation of557
higher modes into our models for IMBHB signals.558
Anticipated increases of the network sensitivity in fu-559
ture runs, particularly at low frequency, and further im-560
provement of the search algorithms will place more strin-561
gent upper limits on the merger rate density of IMBHBs562
and may even result in the first definitive detection of an563
IMBH.564
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Appendix A: Sensitive Distance reach and merger
rate
In this appendix we provide further details on our619
method to compute the averaged spacetime volume ob-620
served by a search and its corresponding sensitive dis-621
tance at a given significance threshold. In general, the622
averaged spacetime volume to which our searches are sen-623
sitive is given by [96, 97]:624
〈V T 〉sen = T0
∫
dz dθ
dVc
dz
1
1 + z
s(θ) f(z,θ).
(A1)
Here, T0 is the length of the observation in the detector625
frame, and Vc(z) is the co-moving volume spanned by a626
sphere of redshift z. The function s(θ) is the distribution627
of binary parameters θ, and 0 ≤ f(z,θ) ≤ 1, where628
f(z,θ) denotes the fraction of injections with parameters629
θ detected at a redshift z.630
In this determination of sensitivity we have two main631
limitations. First, the true population of IMBHBs in632
the Universe is unknown, so it prevents us from choosing633
a particular function s(θ). Second, numerical relativity634
waveforms cover a discrete parameter space in θ. For635
this reason, our study is focused on probing a discrete636
set of IMBHB classes with parameters {θi}, described in637
Table II. Then the averaged space-time volume sensitiv-638
ity of Eq. A1 can be approximated using a Monte-Carlo639
technique via640
〈V T 〉sen ∼ Nrec
Ntot
〈V T 〉tot . (A2)
Here, Ntot is the total number of injections in a given set,641
which are distributed in redshift and source orientations642
as indicated in Sec. IIIA. 〈V T 〉tot is the total spacetime643
volume into which injections were distributed. Nrec is644
the number of recovered injections by the search, i.e. the645
number of injections assigned a value P¯ ≤ P¯0, where P¯0646
is in general some arbitrary threshold. In our case, we set647
P¯0 = 0.36, which is the P¯ of our most significant event648
in our combined search.649
The corresponding sensitive distance reach is com-650
puted as651
D〈V T 〉sen =
(
3 〈V T 〉sen
4pi Ta
)1/3
, (A3)
where Ta is the amount of time analyzed by the search.652
We estimated the 90 % confidence upper limit in the653
merger rate density for selected simulated signal classes654
as given by655
R90% = − ln(0.1)〈V T 〉sen , (A4)
where 〈V T 〉sen is estimated using the loudest event656
method and Equation A2.657
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Appendix B: Determining the p-value of the
combined search
In general, the p-value of the triggers of our combined658
search is given by659
P¯ = 1− (1− Pmin)m, (B1)
where Pmin is the minimum p-value reported by any of660
our three searches, and m ∈ [1, 3] is the trials factor. The661
trials factor is m = 1 if the three searches are fully corre-662
lated (for instance, if they are the same search) and three663
if they are fully independent. In this work we adopt a664
conservative approach and choose m = 3, omitting pos-665
sible correlations between the three analysis pipelines.666
Indeed, excluding the eleven detected GWs mentioned in667
Sec. II D, none of the 123 events with FAR < 100/yr was668
common across the three pipelines.669
We note that while the significance of individual trig-670
gers depends on our particular choice for the trials factor671
m applied in Eq. B1 (which we set to m = 3), Nrec is672
independent of this choice. This is because every GW673
candidate output by the three analyses, including our674
loudest event, will have the same trials factor applied675
when combined into a single list, so that their relative676
ranking will remain unchanged (see Sec. II C). There-677
fore, the numerical value of our upper limit is unaffected678
by our conservative choice of m = 3, since any choice679
would yield the same Nrec and 〈V T 〉sen.680
As pointed out, since our choice of the trials factor681
affects the significance of individual triggers, our conser-682
vative approach may overly diminish the significance of683
prospective louder IMBHB triggers, and it may become684
important to make more accurate estimates of m in the685
future. Since the lowest p-value reported by any of our686
individual analyses was P = 0.14, we conclude that our687
choice of m does not impact our conclusion that no IMB-688
HBs have been observed.689
Appendix C: Sensitive distance reach for individual
search algorithms
In this appendix, we report and compare the sensi-690
tive distance reach of the three individual searches and691
the combined search at their respective loudest event692
thresholds (see Table II). For the case of the individ-693
ual searches, this threshold is set to P¯0 = 0.14, equal to694
the loudest (most significant) event found by cWB; for695
the combined search, this is set to P¯0 = 0.36. We control696
for differences in the amount of analyzed time by only697
considering common observing times in Table II, which698
allows for a more direct comparison between the searches.699
Table II shows that cWB reports the largest sensitive700
distance reach to every IMBHB source considered. This701
is expected for sources with Mtot > 500 M, since the702
GstLAL and PyCBC template banks are bounded by a703
total mass 400 M and 500 M, respectively. Addition-704
ally, since cWB is not limited by constraints on wave-705
form morphology, it significantly outperforms matched-706
filter analyses in the large mass and small mass ratio707
regions of the parameter space that are covered by our708
analyses’ template banks. This finding is consistent with709
Ref. [68], since in that region of parameter space, sig-710
nals are shorter and higher modes are more important.711
Ref. [68] also found that matched-filter searches outper-712
form cWB in the low mass end of our parameter space.713
Since then, however, cWB has undergone major improve-714
ments that have led to a sensitivity comparable to that of715
matched filter searches even for the lightest equal-mass716
systems considered in this analysis.717
GstLAL reports sensitive distance reaches that are718
lower than those found in Ref. [42]. This is the result719
of using a large bank here that was not specifically tuned720
and targeted for IMBHBs. Future searches will benefit721
from investigations into optimal template placement and722
binning as well as a return to a dedicated IMBH bank.723
Appendix D: Loudest event parameter estimation
Despite the low significance of our loudest event, two724
characteristics motivated a detailed followup analysis.725
On the one hand, initial parameter estimation put this726
trigger in the IMBHB region of the parameter space. On727
the other, this trigger was observed by our matched filter728
analyses with an SNR of only ∼ 6, much lower than that729
recovered by cWB. If this were a real GW, this difference730
might be indicative that the signal contained physics that731
our search templates omit (such as precession and higher732
modes), which would lead to a reduction of its SNR and733
significance.734
To explore this possibility, we ran standard parameter735
estimation on this event using the same approximants736
used in Ref. [8], namely SEOBNRv4 [84] and IMRPhe-737
nomPv2 [98]. Note that the latter approximant includes738
the effects of precession that our search templates omit.739
For the precessing IMRPhenomP run, we assumed a spin740
magnitude prior uniform between 0 and 0.99, and spin741
orientations were isotropically distributed on the sphere;742
for the spin-aligned SEOBNR waveforms, we used a spin743
prior such that the components of the spin aligned with744
the orbital angular momentum matched the prior used745
for the IMRPhenomP analysis. Remarkably, the two746
analyses not only report broadly consistent parameter747
posterior distributions but they also report consistent748
SNRs of ∼ 6, in agreement with that reported by our749
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m1 m2 spin M NR-simulation D〈V T 〉sen (Gpc)
M M χ1,2 M cWB GstLAL PyCBC combined
60 60 0 120 SXS:BBH:0180, RIT:BBH:0198:n140, GT:0905 1.2 1.2 1.2 1.3
60 60 0.8 120 SXS:BBH:0230, RIT:BBH:0063:n100, GT:0424 1.6 1.0 1.5 1.6
100 20 0 120 SXS:BBH:0056, RIT:BBH0120:n140, GT:0906 0.72 0.69 0.70 0.76
100 50 0 150 SXS:BBH:0169, RIT:BBH:0117:n140, GT:0446 1.2 0.79 1.1 1.2
100 100 -0.8 200 SXS:BBH:0154, RIT:BBH:0068:n100 1.1 1.0 0.99 1.2
100 100 0 200 SXS:BBH:0180, RIT:BBH:0198:n140,GT:0905 1.4 0.90 1.3 1.4
100 100 0.8 200 SXS:BBH:0230, RIT:BBH:0063:n100, GT:0424 1.8 1.2 1.7 1.8
200 20 0 220 RIT:BBH:Q10:n173, GT:0568 0.48 0.30 0.36 0.49
200 50 0 250 SXS:BBH:0182, RIT:BBH:0119:n140, GT:0454 0.85 0.48 0.67 0.87
200 100 0 300 SXS:BBH:0169, RIT:BBH:0117:n140, GT:0446 1.1 0.59 0.86 1.1
300 50 0 350 SXS:BBH:0181, RIT:BBH:0121:n140, GT:0604 0.55 0.18 0.27 0.56
200 200 0 400 SXS:BBH:0180, RIT:BBH:0198:n140, GT:0905 1.0 0.47 0.72 1.0
300 100 0 400 SXS:BBH:0030, RIT:BBH:0102:n140, GT:0453 0.78 0.23 0.34 0.78
400 40 0 440 RIT:BBH:Q10:n173, GT:0568 0.35 0.10 0.16 0.35
300 200 0 500 RIT:BBH:0115:n140, GT:0477 0.79 0.16 0.14 0.79
300 300 0 600 SXS:BBH:0180, RIT:BBH:0198:n140, GT:0905 0.61 0.09 0.18 0.61
400 400 0 800 SXS:BBH:0180, RIT:BBH:0198:n140, GT:0905 0.31 0.10 0.23 0.31
TABLE II: The sensitive distance reach and the merger rate density calculated for the 17 targeted IMBHB sources
considered in this study, whose intrinsic parameters are indicated in the first four columns. The fifth column
indicates the numerical simulations used for each case, following the naming conventions of the corresponding NR
groups. The next three columns report the sensitive distance reach for each of the individual analyses (cWB,
GstLAL, and PyCBC), where we use the loudest event threshold of P = 0.14 for each analysis for comparison
purposes. The last column gives the sensitive distance reach from the combined search. To control for differences in
the amount of analyzed time between individual analyses, we consider only common observed time across the three
pipelines time, which yields Ta = 0.428 years.
matched filter searches. The latter indicates that the low750
SNR obtained by our matched filter searches is not likely751
due to lack of precession in our templates. Assuming752
this event is a compact binary, we recover a source-frame753
chirp mass of 70+24−20 M, a source-frame total mass of754
171+68−48 M, an effective inspiral spin of 0.19
+0.44
−0.46, and a755
luminosity distance of 7.0+8.0−4.2 Gpc. We also note that,756
given the lack of information about the spins, spin results757
are sensitive to the choice of prior. Further parameter758
estimation was performed using the new SEOBNRv4HM759
[99] approximant, which includes the impact of higher760
order modes. The resulting consistent parameter poste-761
riors and no increase of the SNR, suggesting that the low762
SNR obtained by our matched filter searches is not likely763
due to lack of higher modes in our templates either.764
We further conducted parameter estimation of this765
trigger by directly using numerical relativity waveforms766
of generic spin configurations and higher-modes with the767
RIFT algorithm [100, 101], which reported results consis-768
tent with those obtained by our waveform approximants.769
In addition, the event was also reconstructed using the770
model agnostic algorithm BayesWave [102, 103], which771
reported an SNR consistent with those obtained by our772
templates.773
In summary, detailed followup of this event suggests774
that, in the most optimistic scenario, this trigger would775
be the combination of a weak IMBHB signal plus a noise776
transientwith power detected by cWB (see Sec. II D),777
raising the significance of the underlying IMBHB signal.778
Since the resulting event has a marginal significance, the779
underlying IMBHB trigger would be even less significant.780
Hence, we conclude that this event is best explained by781
detector noise.782
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